Interactions between the enteric nervous system and intestinal epithelium are thought to play a vital role in intestinal homeostasis. In this review intended for epithelial researchers, we highlight basic anatomy, techniques, and recent findings of this growing field.
P roper intestinal function results from interactions
between multiple components including the epithelium, microbiota, immune cells, and the Enteric Nervous System (ENS). Increasing numbers of studies suggest interactions between epithelial and ENS components influence intestinal homeostasis. As these interactions include topics from both epithelial biology and neuroscience, mechanistic understanding of this communication will require a multidisciplinary approach. This review serves as a brief introduction to the field of epithelial-ENS interactions for epithelial researchers, highlights common approaches used to reveal these interactions, and describes evidence for dynamic interactions between the epithelium and ENS.
Anatomy of the Intestinal Epithelium and ENS

Intestinal Epithelium
The intestinal epithelium is a single layer, columnar epithelium responsible for absorption of nutrients and exclusion of pathogens. Throughout the small intestine (SI) and colon, with the exception of the most proximal colon, intestinal stem cells (ISCs) reside in the crypt base ( Figure 1A and B) . ISCs express the Wnt-signaling effector and G protein-coupled receptor, leucine-rich repeat-containing G protein-coupled receptor (Lgr5). 1 Reserve stem cells, which proliferate less than Lgr5þ ISCs do, express proteins Bmi-1, Tert, or Hopx and can give rise to the highly proliferative Lgr5þ population during times of stress or dysfunction. 2 Paneth cells are support cells for the SI ISCs and reside within the crypt base. 3 Although the epithelium turns over once per week, ISCs and Paneth cells in the crypt base are longer lived. 3, 4 ISCs divide once per day to give rise to themselves and daughter cells, which make up the transit-amplifying (TA) zone. These daughter cells divide to produce differentiated epithelial cells. Within the proliferative TA cells, tightly controlled gene programs direct the differentiation of functional cell types of the epithelium. 5, 6 The majority of SI differentiated cells are absorptive in nature, while others are secretory, such as goblet cells, or specialized signaling cells, such as enteroendocrine cells (EECs) and tuft cells. 7, 8 In contrast to the SI, colonic crypts are enriched in secretory goblet cells, while absorptive colonocytes compose much of the remaining epithelium. Within the colon, EECs and tuft cells, present in fewer numbers, are responsible for hormonal signaling. Across the SI and colon, regulation of ISC proliferation and TA cell gene expression ensures the epithelium contains appropriate numbers and types of differentiated cells for proper intestinal function.
Enteric Nervous System
A brief overview of ENS anatomy will be provided here as it has been reviewed extensively. [9] [10] [11] [12] Along the intestines, the mammalian ENS contains 2 layers of interconnected neurons and glia, called plexuses. The myenteric plexus, located between the longitudinal and circular muscle layers, coordinates motor movements of the gut ( Figure 1A -D). The submucosal plexus, located above the circular muscle layer closest to the mucosa, regulates secretory activity ( Figure 1A -C). Within both plexuses, neuronal cell bodies reside in groups called ganglia (circle, Figure 1D ), which are surrounded by glia. Neuronal projections connect individual ganglia to each other, as well as to nonneuronal targets, including the epithelium. Although not discussed further here, other important cell types reside in proximity to the ENS including muscle cells, stromal cells, interstitial cells of Cajal, and immune cells. [13] [14] [15] The intestine contains 2 discrete classes of neuronal innervation. First, nerves from neurons and glia with cell bodies within the intestine are termed intrinsic innervation. 9 Second, extrinsic innervation arises from neurons depicting villi with differentiated cell types and crypts with progenitor cell niche located above the ENS and musculature of intestine. (B) Cartoon depicting of colonic epithelium depicting differentiated cells and progenitors within crypts located above the ENS and musculature of intestine. (A, B) Mucosal glia located within mucosa, intraganglionic glia are located adjacent to neuronal cell bodies within ganglia, and intramuscular glia are located along nerves within muscle layers. Yellow nerves represent intrinsic nerves from submucosal plexus, orange nerves represent intrinsic nerves from myenteric plexus, and blue nerves represent extrinsic innervation into intestine. The legend is located below the graphic. (C) Immunofluorescent image of colonic epithelium. Epithelial cells (DAPI, blue) are located above submucosal and myenteric neurons. Neuronal nuclei marked with HuC/D (green) and neuronal projections marked with PGP9.5 (magenta). Note that the staining at the top of the crypts is background staining. (D) Longitudinal view of myenteric plexus depicting enteric neuron morphology using same markers as described in panel C. Circle represents one ganglia (yellow dashed circle). (C, D) Scale bar ¼ 50 um. ICC, interstitial cells of Cajal.
with cell bodies outside the intestine. Extrinsic innervation includes neurons of the parasympathetic and sympathetic branches of the peripheral nervous system, dorsal root ganglia, and nodose ganglia. [16] [17] [18] Many, but not all, extrinsic nerves enter the intestine through the vagus nerve. In this review, the influence of both extrinsic and intrinsic nerves on the epithelium is discussed.
Techniques for Studying Interactions Between the ENS and Epithelium
Interactions between the ENS and epithelium likely play a role in homeostatic regulation of intestinal function. Much progress has been made, yet the field will benefit from increased mechanistic understandings of these interactions. It will be necessary to apply techniques from both neuroscience and epithelial fields to reveal identities of cellular players, mechanisms of communication, and impacts on intestinal function.
Communication Mechanisms
Intercellular communication between the epithelium and ENS likely occurs where the cells are in close proximity. Known intercellular epithelial cell communication mechanisms include soluble molecule secretion, extracellular vesicle release, and juxtacrine signaling. [19] [20] [21] Furthermore, intercellular neuronal communication occurs primarily through synaptic release of contents from vesicles, although evidence for extracellular vesicles in neuronal communication increases. 22, 23 Conventionally, communication between the epithelium and ENS is thought to occur through paracrine signaling mechanisms, whereby molecules diffuse from one cell to bind receptors on a nearby cell ( Figure 2A) . Remarkably, recent evidence demonstrated direct synaptic connections between neurons and epithelial cells ( Figure 2B ). Using scanning electron microscopy, researchers observed synapses between enteric nerves and cellular projections from EECs, termed neuropods. 24 These connections permit transfer of the rabies virus, thus verifying their synaptic nature. 25 Interestingly, synapses have been demonstrated only between epithelial cells and extrinsic nerves, and it remains unknown if neuropods also connect the intrinsic ENS and epithelium. As discussed subsequently, some functions are understood, yet the full extent of these synaptic contacts and their impact on epithelial-ENS communication remains unknown.
Unraveling the mechanisms of epithelial and ENS interactions requires identification of the cells, receptors, and ligands involved, as well as the location and timing of the interactions. Molecularly diverse epithelial cells and neurons can be characterized with antibody labeling to identify cell type, neurotransmitter expression, and presence of receptors for candidate neurotransmitters. [26] [27] [28] As neuronepithelial cell communication likely requires close association, neuronal axon position identifies candidate cells with which a neuron may interact. Single-cell labeling techniques are required to link axons with corresponding cell bodies because the dense interganglionic axon tracts preclude visualization of individual axons (asterisk, Figure 1D ). [29] [30] [31] Information about the timing and pattern of activities of both epithelial and ENS cells contributes to understanding mechanisms. Neuronal activity begins with electrical depolarization and subsequent influx of calcium ions. This calcium influx leads to axonal release of neurotransmitter, through which neurons communicate. EECs also exhibit calcium transients after ligand binding and upon release of hormones and neurotransmitters. 32, 33 Future studies likely will increase numbers of known synaptic connections between epithelial cells and the ENS. Measurement of cellular activity, identification of cell type, and location of these interactions will improve understanding of epithelial-ENS communication.
Functional Assays
To study effects of interactions between the epithelium and ENS, in vivo, ex vivo, and in vitro techniques provide options to balance experimental accessibility with biological relevance. In vivo approaches visualize tissue dynamics within the living animal with difficult accessibility and high biological relevance. Ex vivo approaches provide accessibility and relevance via assessment of functional changes within intact organ tissue outside of the animal. In vitro approaches sacrifice some biological relevance, in exchange for high accessibility in manipulation of individual system components outside the organism. In the following paragraphs, we discuss application of these 3 categories of techniques to epithelial-ENS interactions.
In Vivo. Despite the challenges, investigators have devised innovative strategies to manipulate and observe both epithelial and ENS function in vivo. Optogenetic techniques successfully manipulate ENS activity in awake animals ( Figure 2C ). 34, 35 Rakhilin et al 34 demonstrate abdominal windows are suitable to visualize SI neuron activity in anesthetized mice ( Figure 2D ). Furthermore, observation of in vivo epithelium can be achieved with application of internal endomicroscopy, as well as multiphoton microscopy on exposed loops of SI in anesthetized animals. [36] [37] [38] These pioneering technical advances are critical to moving the field forward, but have yet to be applied to epithelial-ENS interaction studies.
Ex Vivo. Ex vivo approaches have been more commonly used in epithelial-ENS studies. Researchers use ex vivo tissue in an Ussing chamber to study barrier function and measure electrolyte movement across the epithelium ( Figure 2E ). 39 Video recordings of artificial fecal pellet propagation through the ex vivo intestine allow quantification of spatial and temporal dynamics of peristalsis, which may rely on epithelial-ENS communication ( Figure 2F ). 40, 41 Importantly, many ex vivo approaches sever extrinsic innervation during removal of the intestines from the animal. As intact connections between the extrinsic nerves and spinal cord are likely important, some dissections techniques take care to maintain connections within the spinal cord. This allows for ex vivo study of the dialogue among the epithelium, ENS, and extrinsic neurons. 35 In Vitro. As in vitro approaches provide accessibility to generate and manipulate cells of interest, many sources of epithelium and ENS are used successfully. Two-dimensional epithelial monolayers, from immortalized cell lines or differentiated cells, lack in vivo morphology, yet the physical separation of epithelial cells from neurons facilitates the study of secretion, ion movement or barrier function ( Figure 2G ). [42] [43] [44] [45] Organoids, another source of epithelium, can be generated from single crypts or ISCs and can be cultured with or without an ENS component. Organoids contain most major epithelial cell types arranged in 3dimensional morphology similar to that in vivo ( Figure 2H ). 46, 47 Similar to epithelial cells, the source of ENS cells within in vitro systems varies. Common approaches include dissociated cells from adult ENS or immortalized cultures of neurons or glial cells. 43, 48 As the ENS develops from migrating neural crest cells that generate all ENS cell types, directed differentiation of embryonic stem cells into a functional ENS has also been successful. 49, 50 Recent breakthroughs in human intestinal organoid (HIO) culture techniques have expanded culture studies. Workman et al 50 differentiated human embryonic stem cells to generate ENS and epithelial sources independently for subsequent co-culture. Interestingly, after 4 weeks of in vitro growth, the resulting ENS harbored morphology similar to a developmentally young ENS. In an effort to mature the ENS, researchers transplanted organoid or ENS tissue into kidney capsules of mice for 6-10 weeks. This in vivo growth shapes ganglia morphology more similarly to that of an adult, and generates an ENS capable of electrical activity. Unfortunately, as epithelial gene expression was not tested between the in vitro and in vivo conditions, it is unknown if the epithelial cells mature similarly to the neuronal counterparts during in vivo growth.
In vitro approaches aim to model in vivo environments and cell types, yet care must be taken to validate experimental conditions and outcomes. Although the HIO method, with subsequent in vivo growth, critically advances in vitro techniques, limitations remain. Notably, nitric oxide neurons are present only in transplanted HIOs, suggesting in vitro growth conditions lack an important requirement for their development. Acetylcholine (ACh)-positive neurons, which may impact ISC dynamics and neuronal activity, are seen within in vitro cultures, but not after transplantation. Furthermore, neuropod connections between neurons and epithelial cells are absent under in vitro growth conditions, indicating a lack of cues required for their formation. Importantly, these data highlight both temporal and environmental conditions as critical components for modeling epithelial-ENS interactions in vitro.
Interactions Between the ENS and Intestinal Epithelium
Influence of Neurons on Epithelial Gene Expression
As organoids develop in the absence of an ENS, it is possible to study the influence of the ENS on epithelial gene expression. Within in vitro HIO-ENS co-cultures, epithelial proliferation increases compared with HIOs alone. 50 Genes involved in gastrointestinal (GI) development change, including an increase in epidermal growth factor signaling and a decrease in the transforming growth factor beta pathway. Additionally, genes important for absorptive, goblet, and Paneth cell lineage specification are decreased. However, tuft cell and EEC transcripts show higher expression, suggesting an increase in these populations. These results indicate the ENS can affect cellular differentiation, which is critical for representation of all relevant epithelial cell types in culture, but may also influence epithelial physiology and function in vivo. 51, 52 In another study, co-culture of a monolayer of organoid-grown differentiated cells with dissociated adult mouse ENS cells, shows no changes in epithelial proliferation. 43 However, the epithelial cell density increases by 40% and transforming growth factor beta expression also increases. Furthermore, epithelial cells increased chromogranin A and zonula occludens-1 transcript expression, suggesting increased EEC populations and epithelial barrier function, respectively. 43 These data imply that epithelial physiology may ultimately benefit from the presence of the ENS, as decreased barrier integrity can negatively impact epithelial physiology.
While co-culture studies have moved the field forward, the variety in sources of cell types can produce varying results. The above in vitro data report conflicting impacts of the ENS on intestinal epithelium. The monolayer co-culture experiments revealed insignificant changes in epithelial proliferation, whereas HIO proliferation increased. Both findings suggest the ENS impacts epithelial lineage composition and gene expression. Differences in technical approaches may explain these discrepancies, such as the developmental age of the cells. The monolayer experiments used cells from adult mice, whereas the HIO experiments used in vitro grew differentiated cells from human embryonic stem cells, suggesting that developmental age of the cells influences the ultimate effect. In the future, establishing optimized standard protocols will be critical for comparing data from different studies.
Neurotransmitters and Epithelial Proliferation
Tight regulation of epithelial proliferation is vital for intestinal homeostasis. Research to link neurotransmitters to this process is ongoing and mechanisms remain mysterious. Serotonin (5-hydroxytryptamine [5-HT]) has been implicated in many aspects of intestinal physiology, including regulation of epithelial proliferation. Upregulation of 5-HT signaling in the SI epithelium increases crypt proliferation index (CPI), crypt depth, and villus height. 53 Although the epithelium also releases 5-HT, the causative source of 5-HT is of neuronal origin. Interestingly, as serotonergic innervation is absent from the epithelium, the authors explored alternative mechanisms. Many cholinergic neurons innervate the epithelium and release ACh to stimulate mucosal secretion. 54 Indeed, inhibition of ACh with simultaneous upregulation of 5-HT signaling returns CPI to wild type levels, suggesting that 5-HT effects on epithelial proliferation occur through a cholinergic neuronal intermediate. 53 The search for mechanisms of cholinergic control of epithelial dynamics reveals a complicated picture. Gross et al 53 report no effect of cholinergic signaling on CPI unless in a background of increased 5-HT, as pharmacological inhibition of ACh signaling alone yields wild type CPI. In another study, increased ACh signaling in cultured gastric organoids increases epithelial growth in an ENS-dependent manner, which suggests a proliferative role for ACh. 55 Further evidence demonstrates an inhibitory influence of ACh on proliferation, as whole-animal knockout of the M2, M3, or M5 ACh receptors increases SI proliferation. 56 Last, ACh treatment of SI organoids decreases cyclinD1 transcript expression, corroborating an inhibitory role for ACh in epithelial proliferation. 57 Interestingly, Lgr5 þ stem cells express the M3 receptor, motivating further studies of ACh influence on stem cell behavior. 58 Clearly, ACh impacts epithelial proliferation, yet the exact mechanisms, sources, and conditions remain to be determined.
Another regulator of epithelial proliferation is extrinsic innervation of the intestine. Elimination of vagal extrinsic input to the intestine via vagotomy results in altered epithelial proliferation. 59 Norepinephrine (NE) is an attractive candidate to mediate this process as extrinsic sympathetic nerves, rather than intrinsic nerves, utilize NE within the intestine. 60, 61 ISCs express the NE receptor, Adra2a, and application of NE to SI organoids decreases proliferation. 57 As with ACh signaling, much remains unknown, yet it continues as an avenue for future research of possible influence of extrinsic ENS control over epithelial proliferation. The peripheral nervous system may also influence the functional properties of epithelial cells. 62 Caco-2 cells, engineered to express Adra2a, increase peptide absorption when exposed to NE. 63 Together, these neurotransmitter studies, as well as the expression of neurotransmitter receptors within ISCs, will motivate future studies to explore the mechanisms by which the ENS influences epithelial proliferation dynamics.
Enteroendocrine Cells
EECs comprise only 1% of the epithelial population, yet are essential to intestinal physiology. 64 EECs respond to chemical, and possibly mechanical, stimuli within the lumen and secrete hormones and neurotransmitters in response. [65] [66] [67] [68] Increasing lines of evidence highlight vital roles for connections between EECs and neurons in intestinal function, including communication to the central nervous system about luminal contents and intestinal motility.
In response to luminal contents, EECs signal to the brain. This is thought to occur primarily through slow-acting hormones, such as cholecystkinin. 69, 70 Recent work demonstrates a faster mechanism for message relay: synapses between EEC neuropods and extrinsic sensory afferent nerve fibers. In response to luminal sugar, EECs release glutamate into the synapse with vagal nodose neurons, increasing neuronal activity. This synaptic response conveys information to the brain faster than cholecystkinin. 25 The full extent of the roles of EEC neuropods in nutrient sensing and gutbrain communication remains to be determined. Yet, EECs detect and respond to a wide variety of chemicals such as allyl isothicyanate (AITC), found in mustard and wasabi; NE, a neurotransmitter; and isovalerate, a microbial product. 33 As the epithelium is completely replenished over the course of 1 week, if EEC-neuron connections were crucial for proper intestinal function, newly born EECs must re-establish connections with neurons frequently. While this may suggest a dynamic sensory network that is constantly reconnecting, there are reports of long-lived EECs, surviving for up to 60 days, which make longer lasting connections possible. 24 EEC connections to neurons can influence both intestinal contractions and detection of mechanical sensation. Using strips of intestinal tissue, Nozawa et. al. demonstrated exogenously supplied AITC causes muscle contractions. These contractions occur in a 5-HT 3 receptor (5-HT 3 R)dependent manner. Thus, in response to AITC, EECs release 5-HT, which stimulates 5-HT 3 R-expressing neurons to initiate contractions. 71 The precise role of epithelial 5-HT in control of contractile activity remains an active area of research. [72] [73] [74] [75] As the identity of the 5-HT 3 R-expressing nerves was not characterized in this study, it remains unknown if EECs communicate directly or indirectly with intrinsic neurons. In addition, neuronal and microbial products may also modulate EEC response to mechanical stimuli. Using ex vivo colonic preparations with intact sensory neurons, Bellono et al 33 tested if EEC detection of luminal chemicals can modulate neuronal sensation of mechanical stimuli within the epithelium. Indeed, when EECs are exposed to either NE or isovalerate, activity within extrinsic sensory neurons increases. This increase is larger than the normally observed responses to identical mechanical stimuli in the absence of EEC activation. 33 Although this was found to be dependent on 5HT 3 R, the precise mechanism remains to be determined, but suggests a role for EECs in intestinal hypersensitivity.
Tuft Cells
Tuft cells are a recently described population of chemosensory cells within the epithelium thought to communicate with the ENS. 8, 76 Surprisingly, tuft cells are lost within 1 week from organoid cultures. However, this is prevented either by co-culture with neurons, or by increasing cholinergic signaling. 55 Interestingly, culturing organoids with neurons increases both organoid formation efficiency and size, yet this is lost upon ablation of tuft cells. 55 This indicates tuft cells are necessary for the ENS to convey its growth benefits to the epithelium. Surprisingly, the same study shows in vivo ablation of tuft cells prevents mice from recovering from chemically induced injury. 55 Tuft cells may influence epithelial dynamics during recovery from injury, although it remains to be determined if this effect is mediated through the ENS. Furthermore, tuft cells express choline acetyltransferase, the enzyme required to synthesize ACh. While it is unknown whether synaptic vesicle release occurs within tuft cells, it is exciting to speculate that tuft cells may also communicate with the ENS and epithelium via cholinergic signaling. 77 
Enteric Glia and the Epithelial Barrier
Interactions between enteric glia and epithelial cells have been suspected to regulate barrier function, although recent data challenge this notion. Initial work to ablate glia in vivo using ganciclovir-induced cell death, caused severe inflammation, decreased barrier integrity, and eventual SI carcinomas. 78 However, in vivo glial ablation without ganciclovir shows no gross changes to barrier integrity. Despite this, ablation of glia decreases intestinal transit time in male mice, suggesting a role in intestinal motility, but not in barrier function. 79 In vitro work demonstrates an influence of glia on epithelial cell monolayer barrier function. Paracrine signaling from cultured glial cells upregulates adherens junctions and extracellular matrix proteins within epithelial cells, and glial-derived S-nitrosoglutathione decreases epithelial barrier permeability. 42, 44, 80, 81 Furthermore, manipulation of glial activity in ex vivo whole-colon preparations showed passive paracellular permeability is independent of glial activity, but active transepithelial permeability increases upon glial activation. 39 Thus, in these data, glia affect active epithelial electrolyte transport, but not passive barrier function. These seemingly conflicting results bring to light differences among in vitro, ex vivo, and in vivo approaches and variations in experimental techniques. With the development of standardized techniques for manipulating cell populations in conditions that best mimic intestinal environments, it is likely that any glial influence on the epithelium will be clarified.
Cancer: Bidirectional Signaling Between ENS and Epithelial Tumor Cells
In recent years, many groups have examined the role of neurons and neurotransmitters in GI tumor initiation, maintenance, and metastasis. In human patients, dense innervation within tumors correlates with decreased longterm patient survival, suggesting that innervation may contribute to tumor growth and metastasis. Furthermore, severance of vagal nerve innervation of the intestine, via vagotomy procedures, correlates with decreased gastric tumor formation in mouse cancer models and humans. 82, 83 In mouse gastric and colorectal tumor models, ACh from extrinsic innervation activates the M3 ACh receptor on Lgr5þ ISCs and increases Wnt signaling. 58, 84 Interestingly, cholinergic stimulation of tumor cells induces nerve growth factor (NGF) expression, which causes increased tumor innervation in a tropomyosin receptor kinase-dependent manner. 84 Remarkably, the ACh-NGF axis is sufficient to promote tumor initiation. In mice engineered to overexpress NGF within the epithelium, gastric tumors formed spontaneously, and colonic tumors formed at a higher rate after a chemical assault than controls. 84 Interestingly, tuft cells play a role in initial cholinergic signaling and tumor formation. Tuft cells increase in number during early stages of tumorigenesis and are required for tumor formation, epithelial NGF expression, and tumor innervation in numerous cancer models. 84 Furthermore, in vitro work demonstrated colorectal cancer cells adhere and migrate along enteric neuron projections via N-cadherin attachments, suggesting another mechanism by which tumor innervation complicates tumor dynamics. 85 Clearly, the presence of the ENS impacts tumor initiation and progression, and this represents an intriguing area for future research in GI tumors.
Future Directions
In this review, we have highlighted important discoveries in intestinal biology regarding epithelial-ENS interactions. Much of the data yield an incomplete picture of the breadth and depth of these interactions. The field is poised to benefit from integration of neuroscience and epithelial techniques. Application of in vivo tools to modulate ENS activity, while probing the effects on the epithelium, likely will increase mechanistic understanding of the complex intestinal environment. Single cell sequencing will facilitate the development of tools to target subpopulations of ENS and epithelial cells. Additionally, uncovering anatomical structures and synaptic connections that make interactions possible are critical for progress. Although beyond the scope of this review, understanding and targeting ENS components of intestinal disease, such as inflammation or Hirschsprung's disease, is an avenue of future research. Patients with Hirschsprung's disease, characterized by a complete absence or malformation of a subset of the ENS, suffer from epithelial inflammation even after removal of the aganglionic intestine. It is exciting to explore if restoring functional epithelial-ENS interactions to aganglionic regions would return intestinal physiology to normal. 86 Future studies undoubtedly will reveal the extent to which interactions between these 2 systems contribute to both intestinal homeostasis and disease.
